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Multiple mutationsMethods for introducing multiple site-directed mutations are important experimental tools in molecular
biology. Research areas that use these methods include the investigation of various protein modiﬁcations
in cellular processes, modifying proteins for efﬁcient recombinant expression, and the stabilization of
mRNAs to allow for increased protein expression. Introducing multiple site-directed mutations is also
an important tool in the ﬁeld of synthetic biology. There are two main methods used in the assembling
of fragments generated by mutagenic primers: enzymatic assembly and overlap extension polymerase
chain reaction (OE–PCR). In this article, we present an improved OE–PCR method that can be used for
the generation of large DNA fragments (up to 7.4 kb) where at least 13 changes can be introduced using
a genomic template. The improved method is faster (due to fewer reaction steps) and more accurate (due
to fewer PCR cycles), meaning that it can effectively compete with the enzymatic assembly method. Data
presented here show that the site-directed mutations can be introduced anywhere between 50 and
1800 bp from each other. The method is highly reliable and predicted to be applicable to most DNA engi-
neering when the introduction of multiple changes in a DNA sequence is required.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.Methods for introducing multiple site-directed mutations in a
gene of interest are important fundamental tools in many experi-
ments. These methods can potentially have multiple uses, includ-
ing (but not limited to) mRNA stability experiments for efﬁcient
protein production [1], improvement of protein thermo stability
[2], and removal or addition of phosphorylation [3] or SUMOyla-
tion [4] sites. The introduction of multiple site-directed mutations
can also be an important tool in the ﬁeld of synthetic biology [5].
Other potentially important applications are codon substitutions
for recombinant protein expression of genes with alternative co-
don use. For example, many mitochondrial-encoded proteins have
an alternative codon use [6]. In addition, nearly all of the patho-
genic yeasts of the genus Candida belong to the CTG clade and
use an alternative serine codon [7]. This means that these yeasts
have an ambiguous mutated tRNASerine that translates the leucine
codon CTG to serine approximately 97% of the time [7]. As a conse-
quence, all foreign genes to be expressed in these yeasts need to be
adapted to allow for functional protein expression [8]. Moreover,
recombinant expression of Candida proteins in any organism otherthan yeast within the CTG clade is impossible without ﬁrst chang-
ing all CTG codons before expression.
The ability to introduce two or more site-directed mutations
simultaneously in a gene of interest is primarily done by one of
two different alternative approaches: overlap extension polymer-
ase chain reaction (OE–PCR)1 and enzymatic assembly [9–11]. Both
methods can be used to assemble fragments with overlapping
sequences that have been ampliﬁed with mutagenic oligos. For
example, Lee and coworkers used OE–PCR in 2002 to perform
site-directed mutagenesis of 17 CTG codons in the 541-bp LIP2
gene from Candida rugosa using a plasmid template [12]. The muta-
tions were introduced in two intermediary steps. First, 10 CTG
codons were mutated by amplifying the LIP2 gene into 7 fragments,
with overlapping sequences, from a plasmid template. The assem-
bled gene was cloned into a plasmid that was used as a template
when mutating the remaining 7 CTG codons using the same meth-
od. Site-directed mutagenesis and OE–PCR using genomic template
were shown to work for genes of up to 1100 bp by Luo and
coworkers in 2012 [13].
The enzymatic assembly method uses an enzyme mix of exonu-
clease, DNA polymerase, and DNA ligase to assemble multiple genetion; Tm,
Fig.1. Graphic representation of the 25 CTG codons within the two genes, CHK1 and SLN1, of C. albicans with their nucleotide positions in each gene. As an example, the
mutagenesis of the ﬁrst 4 CTG codons of the SLN1 gene is shown with higher magniﬁcation, displaying which oligos were used and the fragments obtained.
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ple mutations can be introduced when mutagenic oligos are used
for the ampliﬁcation of the fragments [14]. An exonuclease chews
up the 30 end of the fragments that are to be assembled, resulting in
single-stranded DNA (ssDNA) overhangs that are then annealed
together using the overlapping complementary sequences.
Subsequently, the DNA polymerase ﬁlls in the gap, and the DNA
ligase repairs the nick in the DNA backbone [14]. The enzymatic
assembly method is expedient but is more expensive than
OE–PCR (Gibson Assembly Mastermix, New England Biolabs). The
introduction of mutations using the enzymatic assembly is a
two-step reaction, as compared with OE–PCR that includes
multiple steps.
In this article, we present an improvement of the multi-frag-
ment site-directed mutagenic OE–PCR method by reducing the
number of reaction steps. This is done through omitting the use
of nested primers to amplify each intermediate assembled DNA
fragment. Moreover, we show that this improved OE–PCR method
can efﬁciently join 13 fragments, whereas enzymatic assembly
works best for a smaller number of fragments (Gibson Assembly
Mastermix). Thus, this method is highly suitable for fast and efﬁ-
cient mutagenesis and can effectively compete with the enzymatic
assembly method. We have used this improved OE–PCR technique
for the introduction of 13 site-directed mutations in a 7.4-kb DNA
fragment from genomic template, with mutation sites anywhere
between 50 and 1800 bp from each other. In addition, 12 muta-
tions in a 4.1-kb gene have also been introduced from genomic
template. The result is two histidine kinase genes, CHK1 and
SLN1, from Candida albicans with universal codons to be used for
recombinant protein expression and further studies.Materials and methods
Oligo design
The positions of the 25 CTG codons in the SLN1 and CHK1 genes
were ﬁrst identiﬁed (Fig. 1). Subsequently, two mutagenic oligos
were designed for each CTG codon: one oligo for the coding strand
and one for the complementary strand. The serine codon, TCT, was
chosen as the most suitable CTG codon replacement because it is
the most conserved serine codon for both highly and lowly ex-
pressed genes in most used recombinant expression systems
[15]. Each mutagenic oligo was designed following basic oligo de-
sign rules with an appropriate melting temperature (Tm) value ofbelow 65 C and, when possible, a C or G but no more than two
C or G nucleotides at the 30 end of the oligo. The mutation site of
each oligo was positioned in the middle, taking care to have as
close to an equal number of ﬂanking nucleotides as possible on
either side (Table 1). All oligos were designed in pairs, with their
reverse complementary sequence for later use during fragment
ampliﬁcation (Table 1). In one region of the CHK1 gene that con-
tained two CTG codons only 6 nt from each other, oligo design
was compromised in order to not exceed the desired Tm value
and, thus, a mutagenic oligo with a mutation site close to the 50
end of the oligo was designed (Table 1).
Fragment ampliﬁcation via PCR
All fragment ampliﬁcation PCRs were performed with Phusion
high-ﬁdelity DNA polymerase (Fermentas) and with a modiﬁed
reagent and cycle protocol (Table 2). Genomic DNA from the se-
quenced C. albicans strain SC5314 (http://www.candidagenome.
org), obtained fromW.A. Fonzi (Georgetown University, laboratory
stock), was used as template, and the annealing temperature used
for each PCR was calculated using the manufacturer’s own oligo
Phusion Tm value calculator (http://www.thermoscientiﬁcbio.
com/webtools/tmc). Using the mutagenic oligos, both of the genes
were divided into 13 fragments, with each fragment consisting of
the sequence between each mutation site (Fig. 1), and ampliﬁed
using the modiﬁed PCR reagent and cycle protocol described in
Table 2. The result was ampliﬁed fragments with a mutation site
roughly 15 to 20 nt from its 30 and 50 ends. Thus, all fragments
for both genes were ampliﬁed with PCR at the same time as the de-
sired mutations were introduced into the sequence. Because of the
proximity of two CTG codons in the sequences of both genes of
interest, we designed a 120-bp oligo pair with coding and
complementary sequence for CHK1 and a 76-bp oligo pair with
coding and complementary sequence for SLN1, both containing
two mutation sites (Table 1). Both large oligos acted as individual
fragments after the coding and complementary strands had been
annealed together. The CHK1 120-bp oligo became fragment 9
during the later CHK1 fragment assembly, and the SLN1 76-bp
oligo became fragment 7 during the SLN1 fragment assembly.
The annealing of the coding and complementary strands for
both of the two large oligo pairs was done by mixing 5 ll of
each strand (1:1 molar ratio), followed by denaturing and slowly
cooling the reaction down to 4 C over 30 min. All PCR-ampliﬁed
fragments were separated on a 1% agarose TAE buffer gel and
extracted.
Table 1
Mutagenic oligos used for construction of the two mutated genes and their sequences.
Oligo name Oligo sequence (50–30)
CHK1_F CTCGAGATGTCTATGAACTTTTTTAATTCAAG
CHK1_R CTCGAGTTACATATTCACTGTTTCCCCTAC
CHK1_L48S_F CAAATTCTTCAGGTCTGACGAAACAGAAAC
CHK1_L48S_R GTTTCTGTTTCGTCAGACCTGAAGAATTTG
CHK1_L157S_F GACAACATTATCATCTGAAACATGTGATAG
CHK1_L157S_R CTATCACATGTTTCAGATGATAATGTTGTC
CHK1_L232S_L235S_F CATCAATCTACAGACTCTGTATACAACGCTATCAAG
CHK1_L232S_L235S_R GTATACAGAGTCTGTAGATTGATGAACAGAGCCAAG
CHK1_L835S_F GAAGACCAAACATCTAGACTAGAGATTAAA
CHK1_L835S_R TTTAATCTCTAGTCTAGATGTTTGGTCTTC
CHK1_L953S_F CCTTACACGAGATCTCACGATCATGAATG
CHK1_L953S_R CATTCATGATCGTGAGATCTCGTGTAAGG
CHK1_L1031S_F CTATATGATCACCTATCTAATAGTAACTATGG
CHK1_L1031S_R CCATAGTTACTATTAGATAGGTGATCATATAG
CHK1_L1326S_F TATACAAGTGAAAACTCTCTTGAGACGTGTTTG
CHK1_L1326S_R CAAACACGTCTCAAGAGAGTTTTCACTTGTATA
CHK1_120bp_oligo_S CATGCTGTATTTTTTGAATCAATTGAAAAAATGTCTGATC
TTATACATCCAGGTAACGCTAGTTCCCATTGCACAAGATC
TTCTTATTATTCATCTTTTCATTTGATAGTTAATGTTTCCA
CHK1_120bp_oligo_A-
S
TGGAAACATTAACTATCAAATGAAAAGATGAATAATAAGA
AGATCTTGTGCAATGGGAACTAGCGTTACCTGGATGTATAA
GATCAGACATTTTTTCAATTGATTCAAAAAATACAGCATG
CHK1_Oligo_Start_F CATGCTGTATTTTTTGAATCAATTGAAAAAATG
CHK1_Oligo_Start_R CATTTTTTCAATTGATTCAAAAAATACAGCATG
CHK1_Oligo_End_F TATTCATCTTTTCATTTGATAGTTAATGTTTCCA
CHK1_Oligo_End_R TGGAAACATTAACTATCAAATGAAAAGATGAATA
CHK1_L1592S_F GTTTTGGAAGACTTATCTGAAAAATTGCCTG
CHK1_L1592S_R CAGGCAATTTTTCAGATAAGTCTTCCAAAAC
CHK1_L1642S_F GAATTGTGGGCATCTACGAATAAGCCG
CHK1_L1642S_R CGGCTTATTCGTAGATGCCCACAATTC
CHK1_L1934S_F GCCATTAAAGAGTTCTCTTGGATTATTTGG
CHK1_L1934S_R CCAAATAATCCAAGAGAACTCTTTAATGGC
SLN1_F GGATCCATGAGGAGATTAAAGATTGGGATTC
SLN1_R GGATCCTTATGAAGTAACGACTTCATTTGATAAAAATTC
SLN1_L96S_F GCAGTTTTCTCTGAAGCACAAAAT
SLN1_L96S_R ATTTTGTGCTTCAGAGAAAACTGC
SLN1_L160S_F GGTATTAGGTACTCCATCTGGATTATATTTTACTG
SLN1_L160S_R CAGTAAAATATAATCCAGATGGAGTACCTAATACC
SLN1_L196S_F CGATTATTTTATCTCAGCCATCAATTTC
SLN1_L196S_R GAAATTGATGGCTGAGATAAAATAATCG
SLN1_L245S_F GGATAGATAATCTATCTCAAAATGCTTATAATGG
SLN1_L245S_R CCATTATAAGCATTTTGAGATAGATTATCTATCC
SLN1_L421S_F GACCAATCACTATCTTTAGATACGGGG
SLN1_L421S_R CCCCGTATCTAAAGATAGTGATTGGTC
SLN1_L709S_R AGATCTTGTGGGATCTGGTTTAGG
SLN1_L718S_F TCTGCCAATACTACATCACCATTAACAC
SLN1_76bp_oligo_S CCTAAACCAGATCCCACAAGATCTCATTTGGTTGATC
ATAATAATAGATCTGCCAATACTACATCACCATTAACAC
SLN1_76bp_oligo_A-S GTGTTAATGGTGATGTAGTATTGGCAGATCTATTATT
ATGATCAACCAAATGAGATCTTGTGGGATCTGGTTTAGG
SLN1_L887S_F GCAAGGTATTTCTTCATCGCCTT
SLN1_L887S_R AAGGCGATGAAGAAATACCTTGC
SLN1_L903S_F GCAAGAGAATTCTCCTCGGTCA
SLN1_L903S_R TGACCGAGGAGAATTCTCTTGC
SLN1_L924S_F ATATGATGCCTTCTGCTCAAGATTTC
SLN1_L924S_R GAAATCTTGAGCAGAAGGCATCATAT
SLN1_L1194S_F CAATTGATAAACCATCTTTATTTACTCGAGG
SLN1_L1194S_R CCTCGAGTAAATAAAGATGGTTTATCAATTG
SLN1_L1253S_F GTAGCTGAAGATAATTCTGTGAATCAAGAAG
SLN1_L1253S_R CTTCTTGATTCACAGAATTATCTTCAGCTAC
Note: The mismatch base pairs (mutation site) of each mutagenic oligo are shown in
bold.
Table 2
Reagents and cycle protocol used for fragment ampliﬁcation PCR.
Reagent Amount/
reaction
Temperature
(C)
Time Number of
cycles
Phusion HF buffer 10 ll 98 2 min 1
10 mM dNTP 1 ll
Phusion polymerase 0.5 ll 98 10 s 15
100 lM primer F 0.5 ll xa 30 s
100 lM primer R 0.5 ll 72 30 s/
1 kb + 30 s
Template 100–
250 ng
Double-distilled H2O 650 ll 72 10 min 1
Total 50 ll 4 1
a The annealing temperature should not deviate more then 0.5 C from the pri-
mer with the lowest calculated Phusion Tm value. The adjusted Tm value of each of
the primers should not deviate more then 1 to 3 C from each other; otherwise, one
is at risk for missing annealing and nonspeciﬁc ampliﬁcation.
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All OE–PCRs were performed with Phusion high-ﬁdelity DNA
polymerase (Fermentas) and with a modiﬁed reagent and cycle
protocol (Table 3). Here, 0.1 pmol of all fragments was used, andadjacent fragments were mixed together two and two (fragment
1 with 2, fragment 3 with 4, etc.; Fig. 2A) in individual OE–PCRs
using a modiﬁed PCR protocol without mutagenic oligos (Table 3).
Themutagenic oligo design ensured that the overlapping sequences
of each fragmentwere identical with the sequence of themutagenic
oligo pairs (Fig. 1). The annealing temperature for each of the
OE–PCRs, therefore, was expected to be identical to the previously
calculated annealing temperatures of the individual fragment
ampliﬁcation PCRs. After the ﬁrst round of OE–PCR, all reactions
with the joined fragments were mixed with the reactions contain-
ing the joined adjacent fragments (fragment 1::2 with fragment
3::4, etc.; Fig. 2A). The completely assembled genes of interest were
built exponentially with each round of OE–PCR until all fragments
hade been joined together (Fig. 2B). Each gene was divided into
13 fragments, where the 13th fragment was not used in the ﬁrst
two rounds of OE–PCR because of the need for even pairing be-
tween fragments. After fragment 1::2::3::4, fragment 5::6::7::8,
and fragment 9::10::11::12 had been created, during the third
round of OE–PCR, fragment 13 was mixed with fragment
9::10::11::12. Here, 0.4 pmol of fragment 13 was used for the
OE–PCR with fragment 9::10::11::12 because under optimal condi-
tions two rounds of OE–PCR, without primers, would increase the
amount of fragment 9::10::11::12 four times compared with the
starting molar amount for each fragment before the ﬁrst round of
OE–PCR.
Selection for completely joined genes
After the fourth and last round of OE–PCR, a ﬁnal PCR was per-
formed with the nested primers for the entire gene (Table 1). This
PCR selected for completely joined fragments because these would
be ampliﬁed exponentially, whereas the incompletely joined frag-
ments would be ampliﬁed only linearly. After the ﬁnal round of
selection PCR with nested primers, the reaction volumes were sep-
arated on a 1% agarose TAEbuffer gel and the bands representing the
completely assembled genes were extracted (Fig. 3). The extracted
geneswere subsequently cloned into the pCR2.1–TOPOcloningvec-
tor (Invitrogen) and sequenced using both the mutagenic primers
and the M13 TOPO sequencing primers (Invitrogen). All sequencing
raw data were analyzed using CLC Main Workbench 6.
Results and discussion
Sequencing results of both assembled genes showed perfect
joining of all fragments with no frame shifts and only 1 point
mutation per every 6 to 7 kb, as to be expected due to nonperfect
polymerase proofreading. Four SLN1 clones were isolated and se-
quenced before a clone with the correct sequence for wild-type
Table 3
Reagents and cycle protocol used for OE–PCR.
Reagent Amount/reaction Temperature (C) Time Number of cycles
Phusion HF buffer 10 ll 98 10 s 1
10 mM dNTP 1 ll
Phusion polymerase 0.5 ll 98 10 s 10
Template 0.1 pmol xa 30 s
Double-distilled H2O 650 ll 72 30 s/1 kb + 30 s
Total 50 ll 72 10 min 1
4 1
a The annealing temperature should not deviate more then 0.5 C from the primer with the lowest calculated Phusion Tm value. The adjusted Tm value of each of the primers
should not deviate more then 1 to 3 C from each other; otherwise, one is at risk for missing annealing and nonspeciﬁc ampliﬁcation.
Fig.2. (A) Example of how the ﬁrst 4 fragments of the SLN1 gene were joined together to form the fragment 1::2::3::4 through OE–PCR. (B) Completely assembled and
mutated SLN1 gene showing all overlapping sequence regions that contain the mutation sites.
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repeated mutational attempts were isolated and sequenced, and
they revealed that the strain isolate (W.A. Fonzi, Georgetown Uni-
versity laboratory stock) that was used for the gene ampliﬁcation
contained two single-nucleotide polymorphisms (SNPs), A3067G
and A6892G, in the CHK1 gene. The latter is a previously annotated
SNP (http://www.candidagenome.org/download/gff/C_albicans_SC5314/Jones_PMID_15123810_Polymorphisms.gff), but the for-
mer is novel. These were later veriﬁed by sequencing of the geno-
mic template. The result of the previously annotated SNP is a minor
change from isoleucine to valine (I2298V), whereas the novel SNP
gives a more drastic change from asparagine with a polar un-
charged side chain to aspartic acid with a negatively charged side
chain (N1023D) (Fig. 4).
Fig.3. TAE buffer 1% agarose gel electrophoresis analysis during and after the
assembly of the two mutated genes: (A) CHK1; (B) SLN1. Lanes 1: assembled
fragments after OE–PCR but before positive selection with nested primers; lanes 2:
assembled fragments after selection with nested primers; lanes 3: mutated and
assembled genes after gel extraction.
Fig.4. Sequence alignment between the mutated and translated CHK1 genes and
the annotated wild-type sequence showing the regions with the two amino acid
substations: (A) N1023D and (B) I2298V.
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mutagenic oligos allowed for the ﬂanking regions next to the
mutation sites to bind to the template, and thus facilitate hybrid-
ization, and resulted in a PCR annealing temperature nearly equal
to that of the Tm value of the oligo. This approach reduced the like-
lihood of complications from oligo secondary structure formation.
When the mutation site is placed at the end, or close to the end, of
the oligo, it creates a non-annealing tail that makes the template
annealing temperature signiﬁcantly lower compared with the Tm
value of the primer during the ﬁrst critical rounds of PCR synthesis.
By having the Tm value for all oligos as equal as possible and
using reversed complementary sequence mutagenic oligo pairs,
each of the ampliﬁed fragments contained overlapping sequencesat its 30 and 50 ends that were identical to those of the oligo se-
quences and adjacent fragments (Fig. 1). This approach gave an
identical annealing temperature for all of the fragment ampliﬁca-
tions and all fragment OE–PCRs, allowing for all of the PCR and
OE–PCRs to be run in parallel instead of in serial. Thus, we were
able to introduce 13 mutations in a 7.4-kb gene and 12 mutations
in a 4.1-kb gene in just two PCR rounds and four OE–PCR rounds.
The Phusion high-ﬁdelity DNA polymerase protocol provided by
Fermentas recommends a Phusion annealing temperature of 3 C
above the primer with the lowest Tm value. Our observations
strongly support an annealing temperature equal to that of the
Tm value for the oligo, as well as for overlapping fragment se-
quences, for both the fragment ampliﬁcation and OE–PCR. We
speculate that the mismatching bases of the mutagenic oligo lower
the annealing temperature for the fragment ampliﬁcation PCR.
Using a relatively large amount (0.1 pmol) of genetic material
for the OE–PCRs, it was not necessary to select for joined fragments
with nested primers after each OE–PCR round for successful joining
of up to 13 fragments. The ﬁnal PCR selection round with nested
primers is, however, a necessary step to ensure a sufﬁcient amount
of genetic material of the completely assembled gene of interest
(Fig. 3).
Avoiding (excluding) nested primers had two highly relevant
consequences. First, fewer PCR cycles were needed, which reduced
the number of introduced mutations by polymerase errors. Second,
the time-consuming PCR cleanup step was omitted, drastically
reducing the amount of time needed to join all fragments. More-
over, we showed that up to 13 DNA fragments can easily and reli-
ably be assembled, as compared with the enzymatic method that is
not recommended for the assembly of more then 6 fragments (Gib-
son Assembly Mastermix). The robustness and quick progress we
experienced using the improved multi-fragment site-directed
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the application of this method for various purposes when the
introduction of multiple changes into DNA fragments is desirable.
A further improvement of this method would be to directly
assemble the mutated DNA into the cloning vector by using ex-
treme 30 and 50 primers with sequence complementary to the vec-
tor backbone, as is often done with the enzymatic assembly
approach. This improvement would eliminate the need for gel
puriﬁcation after all of the fragments have been assembled into
the ﬁnal gene construct because only the fragments that assembled
correctly with the plasmid backbone would be viable for propaga-
tion after transformation. Therefore, less genomic material would
be required, which would reduce the number of PCR cycles even
further. The reliability of the multi-fragment site-directed muta-
genic OE–PCR method is expected to increase further as new and
improved polymerases with even better proofreading are devel-
oped. With the modiﬁcations introduced in this article, we have
shown that this improved multi-fragment site-directed mutagenic
OE–PCR technique is a viable competitive alternative to the enzy-
matic assembly method.Acknowledgments
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